The question as to whether we are justified in speaking of soil microbiology as of the youngest branch of microbiology has repeatedly been asked and differ ently answered. The writer is of opinion, already formulated in his address in Rome and elsewhere, that such a branch, if born, is yet in its infancy. What we call "soil microbiology" is not more than a chapter of general microbiology treating of microorganisms isolated from the soil and hypothetically admitted to be taking part in some processes which are. characteristic of this natural medium. Remarkable work has been done in this direction by numerous investigators in many countries, and the accumulated knowledge of thirty five years' work must be regarded as acquired scientific knowledge. Without doubt, it forms a necessary introduction to soil microbiology, but it cannot be takenf or soil microbiology itself. The general topics of the two are too widely different to be considered under the same heading.
In fact, the subject of the general microbiologist is the study of the mor phology and physiology of species which have been chosen by him or which have in some way fallen into his hands, whereas the aim of the soil microbiologist is to study the biological agents of soil processes, such as they are given in nature, in their original soil and under the special conditions of that soil. The former is free to use in his experiments all means suggested by certain standard programs or by his own ideas; but the latter has to pursue his investigations, as exactly as possible, in the boundaries placed by nature itself. In short, there is in principle the same difference between the two as between the agri culturist or horticulturist, on the one hand, and the florist or ecologist, on the other. This granted, it necessarily follows that aims so divergent cannot be served by one and the same method.
The writer will call attention to the two leading principles on which the highly elaborated methods of general microbiology are based. The first is the obligatory pure culture method. As far as the second is concerned, mention may be made of the plurality of conditions under which this pure culture has to be grown for the purpose of determining the reactions of a given species which are regarded as characteristic. These reactions such as the action pro duced by certain poisons, adaptations to chemicals, and influence of high temperature, may be quite impossible in nature. They are carefully studied, nevertheless, inasmuch a:s they may lead to new variations or to industrial application, such as the production of glycerol from sugar by yeast or the formation of acetone and butyl alcohol by anaerobic bacteria.
Another point deserves consideration, since it touches the nature or reaction rather than a well-defined principle or method, namely, the use of laboratory collection cultures which were isolated or acquired previously and which have gone through numerous generations by transfers. Certainly, by keeping them in culture instead of isolating them freshly from soil, one saves time and labor, but one has reason to doubt whether these domesticated hothouse organisms can be considered to be identical with the soil species which they are believed to represent.
Imagine a microbiologist at work on some important soil process by the use of methods developed in general microbiology. Using the soil as an inoculum of a solution of a special composition, he tries to pass as rapidly as possible through the preliminary stage of crude or enrichment culture, and starts to isolate the organism, generally using a standardized solid medium. Conscious of the fact that only investigations with pure cultures are considered as trust worthy, the sooner he isolates these the better, for the proper study can begin only after the pure cultures have been isolated. Suppose he succeeds in reproducing in pure culture a certain amount of decomposition of some cellu lose preparation-he has satisfied himself that he has isolated a cellulose destroying bacterium from the soil. Is he justified in drawing conclusions? No. Even granted that the form isolated possesses some power of destroying some of the cellulose preparation in pure culture, nothing can be said concerning its specific activity in the soil, where it may come in contact with a physically and chemically different sample of cellulose, but chiefly where it may have to compete with a much more powerful cellulose-destroying organism, which attacks rapidly the entire energy source leaving nothing to the weaker organ ism. The cellulose-decomposing power of the latter can then be manifested only in pure culture, where it is not handicapped by competitors, and it re mains in nature only as a potential cellulose-decomposing organism.
The data obtained by the pure culture method are rendered all the more fallacious by the fact frequently observed, that the most powerful agents are the most specific in their action, i.e., they are adapted to a much narrower range of conditions than the less specialized agents. The necessary conse quence of this phenomenon is that the organisms which are of little or no importance in a particular process in nature can be readily isolated, whereas powerful agents which are probably the sole agents in transforming the energy material, are methodically overlooked on standard media. It becomes evident that even the most extensive and the most able application of the pure culture principle can lead to no other result than a more numerous collection of forms in pure state, concerning the role and rate of action of which in the soil one can have only a very faint idea.
What can be said then in regard to the aforementioned second principle, i.e., the obligatory pure culture of an organism upon a series of media to obtain a series of reactions which are characteristic of the form isolated? The writer believes that these cultural manipulations-such as trying to grow typical soil microorganisms on milk, beef broth, broth gelatin, and 1many other "bac teriological media", standardized or not-are quite devoid of interest to soil microbiology. Such study may present an interest, as indicated, for the gen eral microbiologist trying to get an insight into the plasticity of the organism; its variability, or the possibility of its function deviating-problems that have not much to do with its "wild" state. This is especially true, since the be havior of the respective pure culture could not be attributed to the original soil species, but rather to a cultural variety issued from the former through the special influence of a new mode of existence. Is it not evident, therefore, that the soil microbiologist, having plenty to do with the study of natural phenomena, should rather avoid questions of this kind at the risk of obscuring his own task? These considerations lead inevitably to the perhaps somewhat startling conclusion, that the value of the above two principles of general microbiology become negative when applied to the special problems of soil microbiology; the procedure based on them appears to be unreliable and in some sense mis leading. Logically then, there is no other solution than to consider these methods as auxiliary methods of no obligatory application to soil microbiology. On the contrary, principal.stress must be laid on so-called crude cultures of an elective character, arranged in such a manner as to allow observation of the free play of all biological factors in a given soil. Investigations are to be carried out of course with "wild" species obtained directly from their original soil.
The writer is certainly not the first to criticize the current method. Inci dental critical remarks can easily be found in the work of certan such leading soil scientists as Sir John Russell, or bacteriologists, as H. J. Conn. Conn deserves the credit for having pointed out the importance of adding a direct microscopic method to the exclusively cultural methods used in soil microbi ology, and for devising a method for a microscopical examination of the soil. Too imperfect for experimental researches, this first method is nevertheless meritorious in having attracted attention to the question of biological soil microscopy, a subject completely neglected until very recently.
No serious attempt, however, was made to discover a general method less conventional and more adequate to soil problems than the current one, until the writer, after having briefly indicated in 1923-24 the basis of his so-called direct method, presented it in full detail in 1925.1
The general idea of this method is to keep conditions as nearly natural as possible. Consequently, no isolation, no pure cultures, no "bacteriological media" are admitted. The multiplication and activity of soil species, or groups, are studied in the original soil itself, in provoking, by the addition of different substances or by physical means, the formation of so-called natural or spontaneous wltures, which are controlled by repeated microscopic examina tion, after a method devised by the writer. To secure the organisms in colonies out of the soil, silica-jelly plates of an elective composition are used, upon which particles of the soil samples studied are sown. The soil or the silica jelly, rendered elective by proper means, gives rise to a development of specific organisms so nearly exclusive, that the action observed can be attributed to them without doubt. If they are accompanied by other forms, there are means of determining the part played by them, if any.
A study of the reactions of one or more soil species in pure culture can, of course, be pursued if desirable, but the fact must be kept in mind that the potentialities thus established are not directly applicable to soil processes.
Such were the principles and the method devised in the writer's methodo logical researches. Now it seemed important to him to submit the new method to an extensive experimental trial in applying it to the study of a most interest ing group of soil agents. He selected the nitrogen-fixing group and decided to proceed ab ovo, as if nearly nothing were known about it, using thereby the new procedure exclusively and putting totally aside the old one.2
At first the development of spontaneous cultures was brought about by adding small quantities of various energy sources to a fertile soil, which was then kept in a shallow stratum at optimum moistures and temperature, or was packed in glass cylinders, to obtain anaerobic conditions. Rapid multiplica tion of characteristic big cocci ensued in the first case, whereas innumerable Clostridium (Amylobacter) forms were found under anaerobic conditions. When evaluated roughly by the direct microscopic examination, the number oi cocci attained in 48 hours was found to reach about a hundred millions and, after 24 hours more, 1 ! to 2 billions per gram of soil. The exclusive predomi nance of the aforementioned cocci, as well as of the Clostridium was most striking.
The aerobic experiment was repeated, but, in addition to the carbonaceous matter, small quantities of nitric nitrogen were also added. The soil popula tion presented at once a noticeably modified aspect. When the N: C ratio was 1: 100 or somewhat more, the microscopic fields are found after 24 hours to be covered with numerous bacilli; though the cocci will slowly appear later, their abundance will hardly reach 1/25 part of the population formed without the addition of nitrogen. When the N: C ratio is raised to 25: 100, none of the large cocci are formed, their resting stages not being numerous enough to be easily found in the preparations.
These observations lead to the conclusion that available nitrogen, even in the smallest doses, has the effect of inhibiting and suppressing the development of the characteristic cocci as if it were toxic to them. But of course, this is not a question of toxicity, it is a simple consequence of the fact that the rate of multiplication of the bacilli is much more rapid than that of the large cocci, so that the latter are invariably depressed in all cases, where the ratio N: C is sufficient for the bacilli. Only when this ratio is reduced too low to permit the development of the bacilli, is the field left free for the more slowly growing cocci to pervade the medium in consuming the energy-bearing material.
What are these large cocci? Their apparent indifference to the presence of avaliable nitrogen suggests their nitrogen-fixing ability; their form and size resemble cultivated forms of Azotobacter, and they themselves are found to be soil Azotobacter forms, as can be easily demonstrated by isolating them from the soil.
The question arises, however, how one could explain the difference in the influence of nitric nitrogen on the soil Azotobacter and on the cultivated forms of this organism? The cultivated forms never show the highly characteristic negative reaction toward available nitrogen; on the contrary, they react to available nitrogen with an extraordinarily abundant growth, as was repeatedly noted. This is a new and instructive example of how different the behavior of a species in pure culture is from a natural form. In pure culture, safe from competition, the organism may be highly favored by the addition of a certain substance, which is used readily as a nutrient, whereas the same substance may become quite inimical in the soil, because it offers greater advantages to power ful antagonistic organisms, with whom the above mentioned organism has to compete for the available energy material. Facts of this kind are important, since they throw light on the decisive part that this competition plays in regu lating the biological soil processes.
Except for this mode of spontaneous culture which is checked by micro scopic examination, an easy method was devised for obtaining macroscopic spontaneous cultures, i.e., Azotobacter colonies on their own soil sample. Sifted earth containing 5 per cent pulverized starch is worked with little water to a thick paste, then packed into small 5-cm. Petri dishes; the surface is polished with a glass slide moistened with water and the plates are incubated at 30°. Where Azotobacter is present, colonies will appear after 48 hours, rarely later, in nearly pure state, covering the surface of the soil plate more or less densely.
Passing to the plate cultures on elective silica-jelly, Petri dishes of different dimensions are used:
1. Plates 9 to 10 cm. in diameter are inoculated with 50 or 100 smallest grains of soil deposited on the surface of the jelly; these plates are convenient for rapidly discovering the presence of Azotobacter in the soil.
2. Large 20 cm. plates for determining the density of Azotobacter cells in a given sample of soil and at the same time its "power of nitrogen-fixation"; the plates are inoculated with 1 gm. of soil, on a dry basis, incubated the necessary length of time, then dried and digested by the Kjeldahl method.
The Azotobacter colonies appear after 48 hours incubation, sometimes followed by Clostridium species, which later develop under the cover of the Azotobacter slime. In the absence of both the aerobic and the anaerobic groups, there is practically no fixation of nitrogen, even if some "oligonitro philous" colonies are present. Generally, the writer did not succeed in finding in soil other nitrogen-fixing organisms except the above named. This suggests that the number of species, relatively numerous, described as fixing nitrogen are not natural fixing agents, although able to develop some power of fixation under the influence of artificial laboratory conditions.
The method of "large plates" presents decided advantages and proved to give results more accurate and constant than those of fixation experiments under other conditions. 2. The activity of "the biological nitrogen-fixing apparatus" coming directly from soil, unmodified, therefore, by cultural manipulations, shows within experimental limits a value more constant than was previously ever attained by using pure cultures.
3. The constant yield of fixed nitrogen under these conditions renders possible establishing a normal or standard process, without which the determination of the activity of different soils can never be managed on a reliable basis.
4. This activity must and can be characterized not only by the absolute gain or by the yield of nitrogen per unit of energy source but chiefly by the energy of the process, namely, the time necesssary for a determined gain; this period of time certainly depends on the density of the cells and their activeness. By a number of concordant experiments with samples of different origin, it was established that an active soil, in fixing 20 mgm. of nitrogen, decomposes 2 gm. of mannitol in 5 days (120 hours); this makes 1 part of nitrogen fixed for 100 parts of mannitol (or glucose), or 1 part of nitrogen per 40 of organic carbon.
To determine the so-called "power of fixation" of soils, standard mannitol solution was universally used during a period of twenty years. The method is certainly untrustworthy in negative cases, and it is quite incapable of yielding the slightest information concerning the density of Azotobacter cells and their state of activity in the natural soil. The method may retain its historical value, but it is about time to replace it with more perfect methods, such as the spontaneous culture and the silica plate methods, which are to be used simul taneously; the former giving indications chiefly concerning the activity and the latter concerning the density of the population.
These two characters are not necessarily parallel, as it might seem. Soil samples are frequently found which show on elective silica plates the presence of relatively numerous cells, but they refuse to give spontaneous cultures after addition of some mannitol. This fact is important, since it shows that Azoto bacter germs, viable and easily developing on a suitable medium out of the soil, keep obstinately at rest in the midst of this soil. What other interpretation of THIRD COMMISSION 43 the fact can be suggested than that the soil has become infertile toward the nitrogen-fixing flora that it harbors? It is evident, there, that a soil containing an inactive specific flora cannot be considered as active. On the basis de veloped above, four categories of soils may be tentatively established:
1. Soils very active: These give in 48 hours at 30° rich spontaneous cultures, both micro· scopic and macroscopic. On the large plates they show the maximum number of centers of vegetation of Azotobacter (2500 to 3000). They attain easily the standard gain of nitrogen in 120 hours.
2. Soils not very active: These give sl�wer spontaneous cultures, which are considerably less abundant, and form on large plates about a hundred to a thousand centers. They show a gain slightly but constantly lower than the first group of soils.
3. Soils temporarily inactive: They give no spontaneous cultures of any kind, and form on plates a few to some hundred centers. The gain in nitrogen is inferior to the standard of 10 per cent or more.
4. Soils permanently inactive: These give no spontaneous cultures of any kind and no Azotobacter colonies on plates. They give no gain of nitrogen, or mere traces not exceeding some decimilligrams.
The writer believes that to get information concerning their state of activity, it may prove useful in practice to submit soils to periodical tests by means of these rapid and easy methods. Agriculturists avoiding microscopic work might use the starched soil plates, which give nearly parallel results with the micro scopic method.
Still further conclusions can be drawn from these methods. The existence of soils not very active and temporarily inactive-that is, soils harboring cells but giving them no fair chance of development-raises the question concerning the means of restoring to them the lost activity.
Decisive results were obtained with the addition of soluble phosphates and of carbonate of lime. A set of experiments soon to be published, has shown especially that in soils where the scarcity of available phosphate is the limiting factor, there is no easier and sharper method of indicating it than that of spon taneous cultures of Azotobacter.
The writer hopes that the general conclusion of this extensive trial of the direct method is that it will be more widely applied, as promising a nearer approach to biological soil problems and a more effectual contribution therefore to the soil science than the actual standard methods.
Whether it be equally convenient to apply it to groups less characteristic than the above treated, remains to be seen. In all cases, however, where this application will not meet with serious difficulties, the method can be expected to lead not only to hypothetical or conventional, but to more real knowledge.
